Surface functionalization tailors the interfacial properties without impacts on the mechanical strength, which is beneficial for industry and daily applications of various metallic materials. Herein, a two-step surface functionalization strategy, (1) catechol-mediated immobilization of clickable agent and (2) postfunctionalization based on thiol−ene click reaction, is achieved using a copolymer, namely poly[2-(methacryloyloxy)ethylundec-10-enoate]-co-(N-(3,4-dihydroxyphenethyl) methacrylamide) [P-(MEUE-co-DPMAm)]. To reduce the potential side reactions of allylic double bonds in allyl methacrylate during the polymerization, the MEUE are designed and synthesized with better control over the polymer chain growth. The surface functionalization via the two-step method is demonstrated using various thiols, e.g., hydrophobic, hydrophilic, and polymeric thiols under room conditions. Additionally, the hydrophobic-thiol-functionalized anodic aluminum oxide is found to be a candidate for the oil/water separation with a separation efficiency of ∼99.2%. This surface modifier provides practical insights into the further design of functional materials.
INTRODUCTION
Surface functionalization of metals and alloys, such as titanium, aluminum, nickel, and stainless steel (SUS), plays an important role in their applications ranging from daily to industrial uses. 1 As the physical and chemical properties (e.g., wettability, biocompatibility, antifouling, and anticorrosion properties) of polymers are tailorable through the structure design and synthesis strategies, polymeric surface modifiers are receiving increased attention. 2−4 For example, poly(dimethylsiloxane), a polymer with low surface free energy, has been coated on ship hulls to reduce the fouling of marine organisms and prevent corrosion in seawater. 3, 4 However, the undesirable detachment of the polymer coatings from metal surfaces frequently occurs because the adhesion forces (originating from van der Waals interactions) are inherently weak. To address this issue, diverse synthetic polymers containing catechol units have been reported. 5, 6 These types of surface modifiers with strong adhesion properties are biomimetic to the mussels. Mussels could anchor themselves to the rock or ship tightly, even under wet conditions. This astonishing adhesion effect is related to the existence of catechol groups in their adhesive proteins (e.g., . 7 Although the interactions between the catechol groups and the metals have not been thoroughly assessed so far, its good performance allows catechol-containing polymers to be highly promising surface modifiers. 5, 6 The preparation of polymers with catechol groups and desirable functionalities is a great challenge because of a complicated synthesis procedure, as well as their solubility and chemical stability during the synthesis and modification process. 8 Immobilizing a polymer with catechol groups and clickable agents and performing the postfunctionalization via click reactions could be a better approach. Click reactions refer to a set of covalent reactions, including azide−alkyne Huisgen 1,3-dipolar cycloaddition, Diels−Alder addition, and thiol−ene reaction, that have several attractive characteristics, such as easy occurrence, high efficiency, good specificity, and nearly quantitative yield. 9 Therefore, polymer modifiers containing clickable agents have been designed to introduce the desirable functionalities to the surface of materials. 10, 11 Among various click reactions, thiol−ene click reaction is advantageous for surface functionalization: (1) the allyl is inert toward acid, base, ultraviolet (UV) light, and thermal energy; 12, 13 (2) the reaction can be easily triggered by free radicals under ambient conditions without using expensive or toxic catalysts; 14−16 (3) if the radicals are generated by photoinitiation, many parameters, e.g., light intensity, exposure dose, and duration of the photoreactions, can be readily controlled. 14, 17 Because of these outstanding characteristics, the thiol−ene click reaction was utilized to produce enzyme patterns on the glass surface. 17 Herein, we reported a two-step surface functionalization strategy using a catechol-and allyl-containing copolymer, poly[2-(methacryloyloxy)ethylundec-10-enoate]-co-(N-(3,4dihydroxyphenethyl) methacrylamide) [P(MEUE-co-DPMAm)]. The P(MEUE-co-DPMAm) was synthesized via a reversible addition−fragmentation chain-transfer (RAFT) polymerization; the introduction of 8-methylene spacer significantly reduced the side reactions of allylic double bonds during polymerization. 18−20 The clickable layer was formed onto metallic materials within 6 h of immersion in P(MEUE-co-DPMAm) solution. The thiol−ene click chemistry at the surface was demonstrated using hydrophobic, hydrophilic, and polymeric thiols. Furthermore, the anodic aluminum oxide (AAO) was utilized as an oil/water separation membrane after the two-step functionalization using a hydrophobic thiol. Our research may bring valuable insights into the design and functionalization of metal surfaces.
EXPERIMENTAL SECTION
2.1. Materials and Characterization. 3-Hydroxytyramine hydrochloride (98%), tert-butyldimethylchlorosilane (98%), methacryloyl chloride (90%, stabilized with 4-methoxyphenol), allyl methacrylate (AMA, 95%, stabilized with 4-methoxyphenol), and tetra-n-butylammonium fluoride solution (TBAF, 1 M tetrahydrofuran (THF) solution) were purchased from Tokyo Chemical Industry Co. (Japan) and used without any further purification. 2-Hydroxyethyl methacrylate (97%, stabilized with 4-methoxyphenol), dodec-11-enoyl chloride (97%), 4-cyano pentanoic acid dithiobenzoate (CPADB, 97%), 2,2′ -azobis(2-methylpropionitrile) (AIBN, 98%), 1H,1H,2H,2H-perfluorodecane thiol (PFDT, 97%), 1-dodecanethiol (97%), sodium 2-mercaptoethanesulfonate (MESNa, 97%), poly(ethylene glycol) dithiol (PEG-SH, average M n 3400), 2-hydroxy-1-[4-(hydroxyethoxy) phenyl]-2-methyl-1propanone (Irgacure 2959, 97%), Oil Red O, and lithium bromide (LiBr, 99%) were obtained from Sigma-Aldrich Co. (Japan) and used directly. The solvents, including tetrahydrofuran (THF, HPLC grade, 99.9%), methanol (HPLC grade, 99.9%), hexane (HPLC grade, 99%), acetone (HPLC grade, 99%), dimethylformamide (DMF), dichloromethane (DCM), and chloroform (HPLC grade, 99%) were obtained from Wako Pure Chemicals Co. (Japan). Ultrapure water was prepared by a Millipore water purification system (Milli-Q system, Millipore, Japan). Four kinds of metal substrates (1 cm × 1 cm), specifically Al, Ti, Ni, and SUS, were provided by Nilaco Co. (Japan). AAO filters with diameters of 3 cm were purchased from Whatman (GE Health Care Co., Japan).
The structures of the monomers and the obtained polymers were elucidated by proton nuclear magnetic resonance ( 1 H NMR) spectroscopy (AVANCE III 400, Bruker Co., Germany). The number-average molecular weight (M n ) and polydispersity index (PDI) were measured by size exclusion chromatography (SEC system, JASCO Co., Japan) system at 0.5 mL/min at 40°C using DMF with 0.05 M LiBr as the eluent. The monodisperse poly(methyl methacrylate) (PMMA) standards were utilized for the molecular-weight calibrations of resultant P(MEUE-co-DOPAm) and P(AMAco-DOPAm) copolymers. The static contact angle data were obtained by a Theta T200 Auto3 contact angle instrument (Altech Co., Japan) at 25°C in the open air using 2 μL of a water droplet as the probe, and all contact angle data was obtained by performing five independent measurements. 21 Xray photoelectron spectroscopy (XPS) measurements were carried out on an APEX instrument (ULVAC-PHI, Inc., Japan) at 25°C under 2 × 10 −9 Torr with a take-off angle of 45°. An Al/Kα X-ray source at 150 W was utilized for the XPS measurement. A spectroscopic ellipsometer MASS-103FH (Five labs) was utilized to calculate the coating thicknesses before and after the click reaction. The data were collected using 50 fixed wavelengths ranging from 300 to 800 nm (10 nm increments) at a take-off angle of 70°. The thicknesses of the copolymer layers were calculated with an assumed refractive index of 1.52 at 632.8 nm. 22 The water content of the hexane after water/oil separation was evaluated using a Karl Fischer Moisture Titrator (MKC-710, Kyoto Electronics Manufacturing Co., Japan). The KEMAQUA Anolyte AGE and KEMAQUA Ctholyte CGE were utilized as anode and cathode solutions, respectively. Each sample was measured three times, and the average data are presented.
2.2. Synthesis of P(MEUE-co-DOPAm). N-(3,4-Bis((tertbutyldimethylsilyl)oxy)phenethyl) methacrylamide (DOP-Am TBDMS ) was synthesized by the following steps. 3-Hydroxytyramine hydrochloride (9.5 g, 48 mmol) was dripped into tert-butyldimethylchlorosilane (17.3 g, 115 mmol) with imidazole (11.7 g, 173 mmol) in anhydrous DCM (40 mL). After a 6 h reaction at 25°C, the mixture subsequently reacted with methacryloyl chloride (5.7 g, 55 mmol) at 25°C for 6 h. 2-(Methacryloyloxy)ethyl undec-10-enoate (MEUE) was synthesized via acylation between 2-hydroxyethyl methacrylate (6.5 g, 50 mmol) and dodec-11-enoyl chloride (9.8 g, 45 mmol) using imidazole (3.4 g, 50 mmol) as an acid bonding agent in anhydrous DCM (25 mL) at 25°C for 24 h.
A mixture of DOPAm TBDMS (1.12 g, 25.0 mmol), MEUE (2.13 g, 75.0 mmol), and CPADB (0.071 g, 0.25 mmol) in THF (3 mL) was bubbled with argon gas for 10 min. Subsequently, AIBN (8.2 mg, 0.05 mmol) was added into the solution to initiate the polymerization in a thermostatic oil bath at 60°C for 24 h. After the resultant solution was poured into methanol and purified by reprecipitation, the P(MEUE-co-DOPAm TBDMS ) (82% yield) was obtained. The mixture of the resultant polymer (0.75 g) in THF (3 mL) and TBAF solution (0.1 mL) was then stirred for 6 h at 25°C for deprotection. P(MEUE-co-DOPAm) (79% yield) was obtained by reprecipitation in methanol/water (3:1) and vacuum drying.
2.3. Formation of Clickable Layer. The clickable platforms were prepared by immersing substrates into the P(MEUE-co-DOPAm) solutions (5 mg/mL in THF). The metal plates (SUS, Al, Ti, and Ni) were sequentially cleaned by sonication in hexane, acetone, and ultrapure water for 10 min (two times for each solvent), followed by exposure of the substrates to vacuum ultraviolet (VUV) radiation for 20 min. The cleaned substrates were immersed in the P(MEUE-co-DOPAm) solutions under approximately neutral conditions for 6 h. The substrates and polymer solutions were then poured into THF (100 mL) and rinsed several times. After drying under vacuum, the modified substrates were characterized by the contact angle, spectroscopic ellipsometry, and XPS measurements.
2.4. Postfunctionalization via Click Chemistry. The postfunctionalization was performed using three types of thiols, e.g., hydrophobic, hydrophilic, and polymeric thiols. The hydrophobic thiol, PFDT (240 mg, 0.5 mmol), was dissolved with Irgacure 2959 (5.6 mg, 0.025 mmol) in 0.2 mL of chloroform, and the mixture was placed onto the P(MEUE-co-DOPAm)-immobilized substrates. A UV lamp (0.9 mW/cm 2 at 256 nm) irradiated the mixture and substrate for 20 min.
After the irradiation, the substrates were rinsed with chloroform to remove excess thiol reagents. Meanwhile, a control sample was designed using bare SUS substrates for the confirmation of the coating formation resulting from the adsorption of the PFDT molecule. A cleaned SUS plate after VUV treatment was immersed in PFDT solution (DMC) with Irgacure 2959, and the UV irradiation was applied for 20 min. The resultant samples were rinsed with DCM three times and dried under a vacuum state, namely, the control sample. The contact angle measurement was performed to confirm the adsorption of PFDT molecules. The hydrophilic thiol, MESNa (100 mg, 0.6 mmol), and Irgacure 2959 (7.2 mg, 0.03 mmol) were well-mixed in 1 mL of THF/water (v/v = 3:1) solution. The click reaction was performed under the same conditions as those used for PFDT functionalization. After irradiation, the substrates were rinsed with water to remove weakly adsorbed thiols. The surface click reaction of PEG-SH, a polymeric thiol, was performed in a THF/methanol (v/v = 2:1) polymer solution (300 mg of PEG-SH in 1 mL of the mixed solvent) with Irgacure 2959 (18.8 mg, 0.08 mmol) under UV irradiation as mentioned above. The polymer-grafted samples were carefully cleaned with water.
2.5. Oil/Water Separation Membrane. An AAO membrane was rinsed with hexane, acetone, and water, followed by VUV exposure for 20 min. The AAO membranes were immersed into the P(MEUE-co-DOPAm) solution (5 mg/mL in THF) solution for 6 h to prepare the clickable prelayer. The click reaction was further performed using PFDT (under the same conditions as described in Section 2.4) for 20 min. The surface wettabilities were evaluated by contact angle measurements. Surface-functionalized AAO membranes have been reported to serve as filters for the separations of various materials, such as metal cations, proteins, and organic compounds. 23 Here, the PFDT-modified hydrophobic AAO was utilized as a membrane for the hexane/water separation. The mixture of 5 mL water and 10 mL hexane was dyed in advance using an oil red O and poured to a Brinell funnel clamped with the PFDT-modified AAO filter, followed by filtration under reduced pressure. The solutions before and after the filtration were observed by an optical microscope. The separation efficiency was evaluated based on the Karl Fischer titration. 24 The purified hexane solution was mixed in anhydrous THF (weight ratio of W hexane /W THF is 5:4). After sonication, the water content of the mixture (C m ) was measured by the Karl Fischer moisture titrator. Moreover, the water content in anhydrous THF (C THF ) was measured by the titrator. The water content of hexane (C H ) was calculated using the following equation
Three purified hexane samples were measured by Karl Fischer titration, and the average water content was presented in this research.
3. RESULTS AND DISCUSSION 3.1. Synthesis of P(MEUE-co-DOPAm). The synthetic strategies of P(MEUE-co-DOPAm) are shown in Figure 1 . The catechol-containing monomer (DOPAm TBDMS ) was introduced to PMEUE segments by RAFT polymerization. The catechol group is utilized in our work to enhance the interaction between the polymeric layer and metallic materials. This group possess an excellent adhesion effect for numerous materials, including SUS, Al, Ti, and glass. 25−27 Notably, the catechol-containing polymers can dissolve in common organic solvents, which is advantageous for relativelylarge-scale production. However, the catechol group is unstable and self-polymerizable under alkaline conditions. 28−30 To address these issues, the free catechol groups are protected using TBDMS-Cl, and the monomer with the protected catechol groups, DOPAm TBDMS , is synthesized. The chemical structures are evaluated by 1 H NMR measurements; all peaks in the spectrum ( Figure S1 ) are readily assigned to their corresponding hydrogens and were consistent with previous findings. 25 The thiol−ene click reaction is commonly performed using allylic, methacrylic, or methacrylamide double bonds. 28, 31, 32 Herein, the monomer with allylic double bonds is utilized because both methacrylic and methacrylamide double bonds are polymerizable during the introduction of catechol groups. Although the AMA with allylic double bonds is common and commercially available, both allylic and methacrylic double bonds in this monomer are reactive during the free radical polymerization, inducing the loss of clickable agent and uncontrollable polymerization; 18, 19 in some reports, even the ratio of AMA is reduced to 20%, and the obtained copolymer still has a large PDI value. 19, 20 Therefore, we attempt to reduce the reactions of the allylic double bond from the molecular design. As seen in Figure 1 , there is only one methylene between allylic double bonds and ester groups, and the allylic double bonds are potentially influenced by the ester groups, inducing the reactivity during free radical polymerization. Hence, we designed a novel monomer with an 8-methylene spacer to isolate the allyl units from the ester group.
The difference of allylic double bonds in MEUE and AMA was revealed by 1 H NMR measurements. As shown in Figure  2a , the peaks of methacrylic double bonds show similar chemical shifts, while the chemical shifts of allylic double bonds in the MEUE (black curve) (∼5.81 and ∼4.97 ppm) are slightly shifted to a lower field than those in AMA monomer (blue curve) (∼5.97 and ∼5.34 ppm). These results suggest that the allylic double bonds in the MEUE are less influenced by ester groups than those in the AMA.
Both P(AMA-co-DOPAm TBDMS ) and P(MEUE-co-DOP-Am TBDMS ) copolymers are prepared by RAFT polymerizations (Figure 1 ) under the same conditions (60°C for 24 h), and the results are summarized in Table S1 . The molecular weight and PDI of P(AMA-co-DOPAm TBDMS ) (26 300 g/mol and PDI ∼3.1) are much higher than the designed values (10 000 g/mol and PDI ∼1.0), whereas those of P(MEUE-co-DOPAm TBDMS ) (14 400 g/mol; PDI ∼1.5) are relatively closer to the designed values, demonstrating better control over polymer chain growth. Moreover, the content of catechol units in P(MEUE-co-DOPAm TBDMS ) is calculated at 27.0%, which is close to the feed ratio.
Moreover, we demonstrate that this reduction of activity during polymerization hardly influences the following thiol− ene click reaction. The thiol−ene click reaction was performed using PFDT as template thiol (see the Supporting Information for details), and a very high conversion (higher than 95%) of allyl units was obtained.
Eventually, P(MEUE-co-DOPAm) is obtained by the deprotection using TBAF in THF, and the formation of catechol groups increases the solubility of the resultant polymer in methanol; consequently, a mixture of methanol and water is utilized to precipitate the P(MEUE-co-DOPAm). The disappearance of the TBDMS signals in the 1 H NMR spectrum (0.23 and 1.02 ppm) (Figure 2b) indicates the achievement of complete deprotection.
3.2. Formation of Clickable Layer. The polymeric layer is prepared by immersing various substrates in the P(MEUEco-DOPAm) solutions for 6 h. The immersion duration was optimized on the basis of the XPS and contact angle measurements (described in the Supporting Information).
After VUV treatment, all samples present a weak C 1s signal at 284 eV and a strong O 1s signal at 532 eV ( Figure S6) ; these results imply that the surfaces are covered by the metallic oxide without organic contamination. 33 The atomic ratio between C 1s and O 1s (C/O) is calculated to give a semiquantitative evaluation (Table S4 ). The C/O ratios of SUS, Al, Ni, and Ti are 0.59, 0.24, 0.43, and 0.38, respectively. The immobilization of the P(MEUE-co-DOPAm) layer induces an increased intensity of the C 1s signal and a decreased intensity of the O 1s signal; the C/O ratios in all samples increase to 1.68 (SUS), 0.93 (Al), 1.81 (Ni), and 1.28 (Ti). These results indicate that the P(MEUE-co-DOPAm) layers are successfully formed onto the various metallic materials. As the theoretical C/O ratio of P(MEUE-co-DOPAm) is 4.2, the P(MEUE-co-DOPAm) layer is very thin and the O 1s signal from the metallic oxide contributed to the C/O ratio. Therefore, we performed spectroscopic ellipsometry using the SUS substrate as a template. The thickness of the polymer layer is ∼23 Å, indicating that the photoelectron from the metallic oxide can pass through the polymer layer and be observed in the XPS survey scan, thus affirming our suggestion.
More evidence can be provided by the high-resolution XPS profiles of C 1s and O 1s , as shown in Figures S7 and S8 . All metals present similar high-resolution spectra regarding C 1s before the P(MEUE-co-DOPAm) adsorption. After cleaning, only one peak at ∼284.4 eV assigned to the C−C function is 35 The appearance of those peaks indicates that the P(MEUE-co-DOPAm) is adsorbed onto the metal surface. Conversely, the high-resolution spectra of O 1s for all cleaned metals are completely different, owing to the diverse binding energies of metallic oxides. Despite the initial signals from metallic oxides, two extra peaks at 531.8 and 533.2 eV are assigned to C−O and CO, respectively. 36 Because the organic oxygen exists only in the copolymer, the polymer modification is achieved successfully. The polymer adsorption also induces significant changes in the surface wettability, and the contact angles are shown in Table S5 . Before the modification, the metal surface is superhydrophilic. The cleaned metal surface with high surface free energy is easily wetted by water. After the polymer immobilization, the contact angles increase to ∼83.7, ∼83.0, ∼77.9, and ∼81.7°in SUS, Al, Ni, and Ti samples, respectively.
Since the metal surface is segregated by the hydrophobic P(MEUE-co-DOPAm) layers, the wettability of water droplets reduces and a high contact angle is observed. Moreover, the polymer uniformly adsorbs to the metallic materials ( Figure  S5 ). Since the thickness of resultant film prepared by "graftingto" method is influenced by the immersion duration and molecular weight of the synthesized copolymer, this modification strategy has good control over the film thickness and morphology. 37 3.3. Postfunctionalization via Click Chemistry. After modification, the surface of the clickable platform is segregated by the allylic double bonds, which enable the thiol−ene click reaction. As shown in Figure 3 , SUS-g-P(MEUE-co-DOPAm) is utilized as a template to prove the surface click reaction using hydrophobic, hydrophilic, and polymeric thiols. PFDT is a kind of thiol that contains perfluorooctyl with strong hydrophobicity. Although perfluoroalkanes are harmful to the environment and the human body, we use this molecule to illustrate the advantages of postfunctionalization because of the complex synthesis and poor solubility of perfluorooctylcontaining surface modifiers. 38 The hydrophilic modification is achieved using MESNa as a functionality. This molecule, containing both an anion and a cation, possesses strong hydrophilicity and cation detectability. 39, 40 Besides the functionalization using the small molecules with thiol groups, the polymer grafting via thiol−ene click reaction is also achieved using a type of polymeric thiol (PEG-SH). The PEG-SH consists of poly(ethylene glycol) (PEG) in its main chain, and PEG is a kind of functionality in reducing nonspecific biomolecule adsorption. 41, 42 The postfunctionalization of SUS-g-P(MEUE-co-DOPAm) using PFDT is achieved using Irgacure 2959 as the photoinitiator in chloroform under 20 min UV exposure ( Figure S2 ). The duration period of UV exposure is optimized on the basis of contact angle measurement. The XPS survey spectra of the surface before and after PFDT functionalization are presented in Figure 4a .
After the click reaction, a new peak of F 1s at 688 eV appears, both the intensity and shapes of the C 1s change, and the C/O ratio slightly increases from 1.68 to 1.81. 35 Two additional peaks corresponding to −CF 2 − (C5, 291.7 eV) and −CF 3 (C6, 294.1 eV) appear in the C 1s high-resolution spectra of SUS-g-PFDT (Figure 4b ). 43 In the high-resolution spectra of S 2p , no peak is identified from the SUS-g-P(MEUE-co-DOPAm) samples (Figure 4e ); after the click reaction, there is a weak peak at 162 eV, which is assigned to the −S− functions (Figure 4c) .
Moreover, the thicknesses of the polymer layers are measured to be ∼35 Å by spectroscopic ellipsometry after PFDT modification. As the thickness of the P(MEUE-co-DOPAm) layer is ∼23 Å, the PFDT layer is ∼12 Å, which is in accordance with previous findings. 44 Meanwhile, the contact angle increases from 83.7°(SUS-g-P(MEUE-co-DOPAm)) to 112.4°(SUS-g-PFDT). These results reveal that the surface functionalization using PFDT could be achieved by the photoinitiated thiol−ene click reaction.
Meanwhile, a control sample was prepared using bare SUS substrates. After UV irradiation, a low contact angle (52.0 ± 3.1°) is observed. Although the cleaned SUS with high surface free energy promotes the adsorption of PFDT molecules, the poor thiol/metal interaction induces desorption during the rinsing procedure. Because of this, the formation of polymeric layer resulting from the direct adsorption of PFDT is negligible.
The surface functionalization of MESNa is characterized by XPS measurements ( Figure 5 ). As MESNa is difficult to be dissolved into organic solvents, we tried to perform this reaction using pure water as the solvent. Although Irgacure 2959 shows acceptable solubility in water, the sulfur element is difficult to be distinguished in its survey scan (Figure 5a , black line) and the high-resolution scan of S 2p (Figure 5b) , showing the failure of modification. The poor solubility of the hydrophobic allylic double bonds in water might inhibit the thiol−ene click reaction. Therefore, we introduced THF, a good solvent of MEUE segments, into the MESNa water solution. No precipitation is observed until the volume fraction of the added THF is three times higher than that of water. This mixture aids us in obtaining the MESNa-functionalized SUS surface. As shown in Figure 5a , two new peaks of sulfur are observed, which correspond to S 2s (233.2 eV) and S 2p (169.1 eV); the high-resolution spectrum of S 2p displays two peaks at 165.1 and 169.9 eV, which is similar to previous findings of the sulfur elements in a MESNa self-assembled monolayer. 45 Although the thicknesses of the MESNa layers were evaluated by spectroscopic ellipsometry, we failed to obtain a precise value from the fitting. The short-chained MESNa molecules have a low impact on the thickness of the polymer layer, and the increased value is smaller than the error. Meanwhile, the air bubble contact angle inside the water is performed to elucidate the modification of MESNa. Before the modification, the surface with strong hydrophobicity possesses a relatively low air contact angle in the water at ∼109.8° (  Figure 3a ). The introduction of MESNa causes the contact angle to increase to ∼148.1° (Figure 3d ) because the hydrophilic surface is difficult to be wetted by the air bubble inside water. 2 As mentioned above, the solvent is required to dissolve both MEUE and thiol; the modification using PEG-SH is performed using a solution of THF/methanol (v/v = 2:1). The results of the polymer grafting are evaluated using XPS measurements, and the spectra are shown in Figure 6 . In the spectra of the survey scan (Figure 6a ), the peaks of Fe 2p and Cr 2p in SUS-g-P(MEUE-co-DOPAm) (black curve) disappear in SUS-g-PEG (blue curve). Moreover, we found that the C/O ratios increase from 1.68 to 1.81, which is slightly lower than the theoretical value of the PEG segment (2.0). In the high-resolution scan of C 1s , the intensity of the peak at ∼286.6 eV corresponding to the C−O function significantly strengthens in the SUS-g-PEG samples (Figure 6b ).
The spectroscopic ellipsometry indicates that the thickness of the PEG layer was ∼30 Å. These reactively thick PEG brushes attenuate the photoelectrons from the metal surface. Moreover, if we assume that the density of the PEG segments was ∼1.09 g/cm 3 , the grafting density of the PEG brushes could be estimated to be ∼0.51 chains/nm 2 based on Avogadro constant. This value is only slightly lower than the value of another attempt to introduce the PEG brushes onto silicon substrates by grafting-to method. 42 The water contact angle measurement in the air was performed to evaluate the surface wettability. The value decreased from ∼83.7°(SUS-g-P(MEUE-co-DOPAm)) (Figures 3a) to 49.8°(SUS-g-PEG) (Figure 3e ). These results indicate the presence of the PEG brushes on the P(MEUE-co-DOPAm) surface. Because the thiol-terminated polymers can easily prepare by RAFT polymerization and the subsequent aminolysis of the dithioester groups, this two-step synthesis strategy of polymeric thiol allows the grafting of desirable polymer brushes. 46 Moreover, this method is demonstrated to be versatile: the functionalization of four types of common metallic materials is achieved, e.g., SUS, Al, Ni, and Ti. The detailed reaction conditions and results of the functionalization of various metals using PFDT as the template thiol can be found in the Supporting Information.
3.4. Oil/Water Separation Membrane. An AAO membrane contains parallel through-hole cylindrical nanopores, and the surface functionalization has a great impact on its applications. 47, 48 Herein, we modify the AAO membrane by PFDT using the two-step modification method under the above-mentioned conditions. The surface wettability is characterized by water contact angle measurements. The contact angle data for the VUV-treated AAO membrane are hard to obtain because of the immediate introduction of water into the AAO pores; hence, the contact angle value for the pretreated samples is not presented. The contact angles of AAO-g-P(MEUE-co-DOPAm) (∼114.2°) and AAO-g-PFDT (∼140.0°) are shown in Figure 7a ,b, respectively. The values are far greater than those on the flat metal substrate, for example, 83°for the Al-g-P(MEUE-co-DOPAm) and 113°for the Al-g-PFDT. The theoretical contact angles of AAO-g-P(MEUE-co-DOPAm) and AAO-g-PFDT are calculated at 116.3 and 136.5°, respectively, using the Cassie−Baxter equation (the calculation method described in the Supporting Information). Similar values between the measured data and the calculated data illustrate the successful functionalization on the AAO membranes.
Meshes or porous films with high water-in-air or oil-in-water contact angles could serve as filters for oil/water separation. 49 Here, the PFDT-clicked AAO membrane acts as a filter for hexane/water separation using a simple filtration setup, as shown in Figure 7c . The volume of the filtrated red solution is similar to the initial volume of hexane. The performance separation is evaluated using an optical microscope. Numerous water droplets in the hexane phase can be observed in Figure  7d , regarding the solution before the filtration, while only one hexane phase appears after purification (Figure 7e ). Moreover, the water content is calculated from the Karl Fischer titration and the results indicate that the hexane contains ∼0.25 wt % water after separation. Considering that the water content is ∼33 wt % before the separation, the separation efficiency is ∼99.2%.
CONCLUSIONS
The P(MEUE-co-DOPAm) containing catechol and allyl groups is successfully synthesized and used as a surface modifier on various metallic materials to achieve postfunctionalization. The clickable prelayers are formed on the surfaces of various metallic materials, e.g., SUS, Al, Ni, Ti, and AAO, within a 6 h of immersion of materials in the polymer solutions, resulting from catechol-anchoring. The effective postfunctionalization is demonstrated via the photoinitiated thiol−ene click reactions using hydrophobic (PFDT), hydrophilic (MESNa), and polymeric (PEG-SH) thiols. The performance of this two-step method is similar for various metallic materials. Moreover, a successful separation of the hexane/water mixture using PFDT-clicked AAO membranes indicates that this surface modifier might provide practical insights into the further design of the functionalization for metallic materials. 
